Environmental perturbation can drive the evolution of behavior and associated changes in 19 brain structure and function. The generation of computationally-derived whole-brain 20 atlases have provided insight into neural connectivity associated with behavior in many 21 model systems. However, these approaches have not been used to study the evolution of 22 brain structure in vertebrates. The Mexican tetra, A. mexicanus, comprises river-dwelling 23 surface fish and multiple independently evolved populations of blind cavefish, providing a 24 unique opportunity to identify neuroanatomical and functional differences associated with 25 behavioral evolution. We employed intact brain imaging and image registration on 684 26 larval fish to generate neuroanatomical atlases of surface fish and three different cave 27 populations. Analyses of brain regions and neural circuits associated with behavioral 28 regulation identified convergence on hypothalamic expansion, as well as changes in 29 transmitter systems including elevated numbers of catecholamine and hypocretin neurons 30 in cavefish populations. To define evolutionarily-derived changes in brain function, we 31 performed whole brain activity mapping associated with feeding and sleep. Feeding 32 evoked neural activity in different sensory processing centers in surface and cavefish. We 33 also identified multiple brain regions with sleep-associated activity across all four 34 populations, including the rostral zone of the hypothalamus and tegmentum. Together, 35 these atlases represent the first comparative brain-wide study of intraspecies variation in 36 a vertebrate model, and provide a resource for studying the neural basis underlying 37 behavioral evolution.
142
Feeding angle in larval A. mexicanus. Each population is shown while orienting to prey (0 ms) and 143 8 then immediately after striking prey (20 ms) (one-way ANOVA, F=5.09, P=0.003, Dunnett's multiple 144 comparison to surface fish: Molino, p>0.56, Pachón, p<0.02, Tinaja, p<0.03) . D. Anatomical 145 segmentation of developmental regions in 6dpf brains using tERK antibody staining: telencephalon 146 (green), diencephalon (magenta), mesencephalon (cyan), rhombencephalon (red), spine (blue).
147
Scale bar = 300 µm. E. Quantifications of developmental regions segmentations normalized to 148 whole brain size. All posthoc test were carried out comparing cavefish to surface fish.
149
Telencephalon, F=0.845, P>0.47, Molino, p>0.46, Pachòn, p>0.35, Tinaja,  Table 1 . N>12 for all sleep behavior, n>25 for all strike angle, and n>10 for all 163 neuroanatomical segmentations.
165
To determine if there are changes in the size of brain regions that may be associated with 166 evolved behavioral differences, we quantified 13 additional brain regions, including the 167 tectum, cerebellum, pallium, and four regions of the hypothalamus (Fig 1F-K and Table   168 S1, Fig S4, Movie S1, and Movie S2) in accordance with previously described 169 nomenclature [7] . Consistent with previous reports , the optic tectum and neuropil were 170 reduced, and the total hypothalamus volume was enlarged in all three cavefish 171 populations [15, 41, 42] . The increase in hypothalamus volume was due to an enlargement 172 of rostral and intermediate zones of the hypothalamus, with no differences between 173 surface fish and cavefish populations in the volume of the diffuse nucleus of the 174 hypothalamus ( Fig 1K, Fig S4) . The volume of the pineal gland, a region associated with 175 secretion of sleep-promoting melatonin, was significantly reduced in all three populations 176 of cavefish ( Fig 1K, Fig S4) , raising the possibility that these changes are associated with 177 loss of sleep and circadian regulation of activity in cavefish [39, 43] . In addition, volume 178 of the habenular nuclei that regulate stress were reduced in all three cavefish populations, 179 demonstrating a potential neuroanatomical mechanism underlying blunted response to 9 stress in cavefish ( Fig 1K, Fig S4) [44] . While many of the evolved changes in brain 181 anatomy we identified were shared between cave populations, we also observed 182 differences between individuals from different cave populations. For example, the preoptic 183 hypothalamus was reduced only in Molino cavefish, whereas the size of the locus 184 coeruleus was significantly reduced in Molino and Pachón ( Fig 1J and Fig S4) . Together, 185 these data suggest that cavefish from different populations have repeatedly evolved many 186 of the same neuroanatomical changes in behaviorally-relevant brain regions.
188
Neural circuitry associated with sleep and feeding
189
The circuitry underlying sleep/wake regulation is highly conserved across vertebrate 190 species [45, 46] . Studies in zebrafish have identified a central wake-promoting role for the 191 catecholamines dopamine and norepinephrine, and hypothalamic neurons expressing 192 hypocretin/orexin (Hcrt) that consolidate wakefulness [47] [48] [49] [50] . We previously reported 193 that functional differences in β-adrenergic and HCRT signaling contribute to sleep loss in 194 Pachón cavefish [18, 51] , but the role of these signaling pathways in sleep regulation, and 195 the neuroanatomy of catecholamine and HCRT neurons has not been characterized in 196 other populations of cavefish. To determine whether specific classes of catecholamine 197 neurons differ between A. mexicanus populations, we immunolabeled brains for tyrosine 198 hydroxylase (TH), and quantified TH+ neurons throughout the brain (Fig 2A) . The number 199 of TH+ neurons in the locus coeruleus, a highly conserved wake-promoting region, did not 200 differ between any of the A. mexicanus populations we examined ( Fig 2B) . TH+ neurons 201 were more abundant in the telencephalon of both the Pachón and Tinaja populations, but 202 the number of neurons in the telencephalon did not differ between Molino and surface fish 203 ( Fig 2C) . Furthermore, the number of TH+ cells in the pretectal area of the brain was 204 significantly reduced in all cavefish populations ( Fig 2D) , and hypothalamic TH+ neurons 205 were more abundant in all three populations of cavefish than in surface fish ( Fig 2E) .
10
Finally, in the medial octavolateralis nucleus, a primary integration site of lateral line 207 afferents, TH+ cell number was significantly greater in Molino and Pachón than in surface 208 fish, but did not differ significantly between Tinaja and surface fish ( Fig 2F, Fig S5) .
209
Together, these findings reveal that evolved differences in the number of neurons 210 expressing TH can be independently regulated among distinct brain regions. In zebrafish, 211 hcrt-expressing neurons localize to the rostral zone and pre-optic area of the 
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In all three cave populations, HCRT neurons were more abundant in both of these brain 233 regions ( Fig S6A-C) , and the HCRT signal per cell was significantly elevated compared to 234 surface fish ( Fig S6D) . A descending pathway along the midline that connects the midbrain 235 to the spine stained strongly for HCRT in all cavefish populations, but not in surface fish 236 ( Fig S6E) . In surface fish, and all three cavefish populations, HCRT-immunoreactive fibers 237 localized to the locus coeruleus, as well as the lateral and intermediate zone of the 238 hypothalamus, with ascending projections into the telencephalon ( Fig S6E) .
240
To determine whether cavefish evolved differences in neuropeptides that regulate feeding 241 behavior, we examined the neuroanatomy of several conserved neuropeptides that 242 regulate appetite. Genetic variants in the melanocortin receptor MC4R have been 243 implicated in the regulation of feeding in diverse species, including A. mexicanus [19] . The 244 neuropeptide α-melanocyte-stimulating hormone (α-MSH) antagonizes MC4R to inhibit 245 feeding [54], and we identified an antibody that selectively label α-MSH neurons based on 246 its known expression pattern. Immunostaining for α-MSH in surface fish is similar to that 247 in zebrafish, predominantly labeling neurons in the pituitary complex with projections that 248 ramify throughout the hypothalamus ( Fig 2G) [55]. The number of α-MSH+ neurons was 12 significantly reduced in both Molino and Pachón cavefish but did not differ between Tinaja 250 and surface fish ( Fig 2H) . We identified differences in signal from α-MSH projections in a 251 number of brain regions, including higher immunoreactivity in the cerebellum of surface 252 fish than in all cavefish populations ( Fig S7) . In addition, the intensity of α-MSH signal 
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mexicanus do not require food in their first week of life, and we collected non-fed fish 283 between zeitgeber time (ZT) 4-6 (Where ZT 0 is the start of lights on ( Fig 3A) ). To assist 284 in localizing pERK signal to distinct brain regions across multiple animals, we generated 285 a common reference brain for each population using image registration ( Fig S9A) . To Tinaja, comparable to published values in the zebrafish brain atlas [6] ( Fig S9C,E) . We 295 then expanded the brain atlas to include all imaging data described above, including the 296 sleep/wake regulating neurons expressing hcrt and tyrosine hydroxlase and the regulators 297 of food consumption α-msh and agrp. We were able to generate a standard brain for four 298 A. mexicanus populations, enabling us to directly examine markers of neural activity and cluster that was distinct from surface fish in both the first and second principal components 324 (PC1 and PC2), whereas Pachón formed unique a cluster shifted to the right from surface 325 fish in PC1 ( Fig 3B) . Tinaja cavefish formed a cluster below surface fish in PC2. PCA 326 variable analysis revealed the candidate regions most strongly associated with altered 327 neural activity in each principal component, including the rostral zone of the hypothalamus 328 in PC1 (Fig S10A,B ) and pallium and habenula in PC2 ( Fig S10C) . Collectively, PCA of 
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To further characterize differences in neural activity among populations, we quantified the 334 level of pERK activity in specific regions identified by PCA. As the rostral zone is thought 335 to be homologous to the lateral hypothalamus in mammals, that serves as a critical 336 regulator of both sleep and feeding behavior [57, 58] , we speculated that activity within this 337 region might differ between cavefish populations. Indeed, we observed a significant 338 increase in pERK activity in rostral zone of the hypothalamus in Molino and Pachón 339 cavefish populations relative to surface fish, but no differences between surface fish and 340 Tinaja (Fig 3C-D) . Furthermore, neural activity in the habenula, a region involved in stress 341 response [59, 60] , was significantly reduced relative to surface fish in Pachón and Tinaja , 342 but unaltered? in Molino (Fig 3E-F) . Finally, activity within the pallium, an area analogous 343 to the mammalian amygdala and hippocampus that has been associated with emotion, 344 motivation, and recently sleep regulation in zebrafish [61, 62] , was significantly reduced in 345 all populations of cavefish relative to surface fish ( Fig 3G-H) . We also quantified activity in 346 12 additional brain regions ( Fig S11, Table 3 ). Together, this analysis reveals changes in 347 16 brain regions associated with behaviors that have diverged between surface fish and 348 cavefish.
350
Neural activity associated with feeding behavior
351
To determine how brain activity differs during a multi-modal sensory behavior, we 352 quantified the effects of feeding on neural activity. To this end, we compared brain-wide 353 pERK levels in fish fed Artemia for 10 minutes that had not been fed and were freely 354 moving prior to sacrifice ( Fig 4A) . We applied PCA to whole-brain activity patterns to 355 determine whether feeding would create unique activity signatures in each population.
356
Pachón and Tinaja cavefish formed distinct clusters in PC1 relative to surface fish, 357 suggesting that they have evolved distinct neural activity patterns associated with feeding.
358
By contrast, the evolutionarily younger Molino cavefish did not significantly differ from 359 surface fish in either PC1 or PC2 ( Fig 4B) . PCA analysis revealed that brain regions 360 clustered tightly in either PC1 (areas with differing responses among the populations) or 361 PC2 (areas that exhibited variance among populations) (Fig S13A,B) . The diffuse nucleus 362 of the hypothalamus, was identified as the most significant variable in PC2, suggesting 363 the hypothalamus integrates multimodal sensory inputs, which are activated by feeding in 364 all populations ( Fig S13C) . 
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There were no statistical differences between populations? along PC2, which explained 18.80% of 373 the variability. C. Maximum-intensity projection of pERK neural activity in medial octavolateralis 374 nucleus activity (MON) for non-fed (green) and fed (magenta) fish. Scale bar denotes 50 µm. D.
375
Quantitation of the change in pERK activity in the MON during feeding (one-way ANOVA, F=22.14,
376
P<0.001; Molino, Pachón, Tinaja p<0.001). E. Maximum-intensity projection of pERK activity in the 377 optic tectum of non-fed (green) and feeding (magenta) fish Scale bar denotes 200 µm F.
378
Quantification of change in pERK activity in the optic tectum during feeding (one-way ANOVA, 
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All cavefish populations exhibited a significant increase in medial octavolateralis nucleus 386 activity following feeding behavior, whereas surface fish exhibited a reduction, suggesting 387 opposing polarities of medial octavolateralis nucleus activity during feeding between surface fish and all three cavefish populations (Fig 4C-D) . Surface fish, like zebrafish, use 389 visual cues to orient relative to prey. pERK level (i.e., neural activity) in the optic tectum 390 was significantly higher in surface fish than in all three cavefish, suggesting that the tectum 391 is not an input for feeding-associated behavior in cave populations of A. mexicanus (Fig   392   4E -F). Finally, feeding induced a robust increase in neural activity in the diffuse nucleus 393 of the hypothalamus across all populations ( Fig 4G-H) , suggesting that this nucleus 394 integrates multiple sensory modalities during feeding. Together, these findings highlight 395 the evolution of brain-wide changes feeding behavior across multiple cave-adapted 
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Previously, we showed that moderate concentrations of β-adrenergic antagonist 406 propranolol and HCRT receptor inhibitor EMPA restore sleep to Pachón cavefish without 407 affecting sleep in surface fish, suggesting enhanced sensitivity to inhibitors of β-408 adrenergic and HCRT signaling [44, 51] . The effects of these agents on neural activity 409 and in additional cave populations is unknown.
411
Treatment with β-adrenergic antagonist propranolol and the HCRT receptor inhibitor 412 EMPA restored sleep in all three cavefish populations, suggesting conserved signaling pathways contribute to sleep loss in independently-evolved cavefish populations ( Fig 5A) .
414
Both drugs increased sleep bout length and bout number, without affecting waking activity, 415 suggesting that the elevation of sleep is not due to lethargy (Fig S14) . To determine 416 whether the two drugs act induce similar or distinct changes in neural activity, we 417 compared neural activity between awake DMSO-treated fish and sleeping fish treated with 418 EMPA or propranolol ( Fig 5B) . Both EMPA and propranolol-treated sleeping surface fish 419 and cavefish exhibited an overall reduction in neural activity compared to awake fish, 420 similar to what was recently reported for drug-treated sleeping zebrafish (data not shown)
421
[61]. In all populations, the results of PCA significantly differed between asleep/drug 422 treated and and awake/DMSO treated fish, suggesting that pERK is a robust marker for 423 detecting neural activity differences in a sleep-like state in A. mexicanus (Fig S15A) .
425
Next, we sought to determine whether drug-treated fish in a sleep-like state converged 426 upon shared or independent patterns of neural activity in each population. PCA analysis 427 of EMPA-treated sleeping fish revealed that surface and Molino cavefish clustered tightly 428 together, whereas Pachón cavefish formed a separate cluster in PC2 and Tinaja formed 429 a separate cluster to the right in PC1 ( Fig 5C) . Variable analysis derived from PCA 430 revealed that the main regions driving the changes along PC1 in Tinaja were in the 431 telencephalon, including the pallium and subpallium, while the most significant variables 432 for Pachón in PC2 were in the diencephalon, including several known sleep centers of the 433 brain, such as the rostral zone and preoptic area of the hypothalamus (Fig S15B-D) .
434
Propranolol treatment also resulted in unique neural activity profiles across populations of surface and cave forms ( Fig 5 E-F) . In mammals and zebrafish, the locus coeruleus 475 promotes wakefulness and receives inputs from wake-promoting HCRT neurons [47, 65] .
476
We observed a significant reduction in neural activity in locus coeruleus TH+ neurons in 477 all cave populations treated with either drug (Fig 5G-H) . In sleeping fish, pERK activity 478 was robustly elevated in a large area of the tegmentum, a sleep-promoting area in both 479 mammals and zebrafish [59, 66] . In all populations, treatment with EMPA and propranolol 480 increased tegmentum activity during sleep relative to DMSO-treated fish (Fig S16) . In 
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Feeding behavior induced broad changes in brain activity across all four A. mexicanus 501 populations, and likely activates brain regions associated with sensory processing, satiety, 502 and motivation. While we identified differences in strike angle in two of the three 503 populations of cavefish studied, it is possible that differences in brain activity or feeding- with the processing of sensory information, including the optic tectum and the medial octavolateralis nucleus, which receives information from the lateral line. Both of these 511 regions were differentially active between surface and cavefish during feeding, suggesting 512 that the two forms rely in different sensory modalities, or that these modalities are 513 differentially processed.
515
We examined the effects of sleep-promoting drugs on brain activity in multiple A. 
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The generation of whole-brain morphometric brain atlases enables localization of 531 neuroanatomical regions associated with different behaviors [6, 8, 33] . To date, whole-532 brain atlases have been generated in fruit flies, zebrafish, and mice, allowing brains from 533 different individuals or whole-brain Ca 2+ imaging to be mapped onto a single standard 534 brain [6, 8, 33, 35, 36, [71] [72] [73] . The generation of these brain atlases in A. mexicanus 535 represent the first use of whole-brain morphometrics to compare brain anatomy between different populations. This approach could be applied in model systems, including 537 zebrafish and fruit flies, to identify differences in neuroanatomy between independent 538 strains. For example, many behaviors differ between laboratory strains of zebrafish 539 including stress, schooling, and feeding, [74] [75] [76] , and in Drosophila, sleep and feeding 540 behaviors differ among inbred populations [77, 78] . The generation of brain atlases for 541 individual populations may provide insights into the neural mechanisms underlying these 542 behavioral differences.
544
The development of a functional brain atlas in A. mexicanus will facilitate future efforts to 545 better understand how evolution of the brain has led to behavioral divergence. Using [38, 79, 80] . The brain atlas could be used as an 553 anatomical marker to align whole-brain GCaMP imaging at a cellular resolution. The 554 development of a functional brain atlas in A. mexicanus will facilitate future efforts to better 555 understand how evolution of the brain has led to behavioral divergence. Isolated A.
556
mexicanus populations represent diverse members of a single species, which is 557 genetically amenable to transgenesis and mutagenesis techniques including the Tol2
558
transposase system and CRISPR/Cas9 engineering [38, 79, 80] . Here, our analyses in A.
559
mexicanus is reliant on manual segmentation of brain regions, and our quantification 560 consisted of 18 brain regions. In zebrafish, automated analysis, aided in part by increased 561 resolution afforded by transgenic lines has allowed for segmentation into hundreds 562 25 different brain structures [6] [7] [8] . The application of this technology, in combination with the 563 use of genetically expressed anatomical marker, such as pan-neuronally expressed
564
GCaMP has potential to compare the evolution of over 200 brain regions between 565 populations.
567
Taken together these studies identify large scale differences between surface fish and 568 cavefish populations of A. mexicanus, as well as between different populations or 569 cavefish. This represents the first whole-brain anatomical brain atlas comparing 570 intraspecies differences in brain structure and function. This resources has potential to 571 provide information about the fundamental principles guiding the relationship between the 572 evolution of brain function and behavior, as well as the contributions of naturally occurring 573 variation in brain function that underlies behavioral differences between individuals. Animal husbandry was carried out as previously described [38, 81] individual as a coordinate in a space whose axes are linearly-independent combinations 722 of regional brain activity ranked according to total inter-individual variance of their activity 723 as characterized by pERK expression. We find that the first two principal components (PC) 724 capture 47.3%-58% of all activity variance across brains, and given the exploratory nature 725 of this work, we are satisfied to begin here, especially considering the otherwise less 726 comprehensible task of quantifying these to higher order, which is beyond the scope of 727 this work. We thus transform the eighteen-dimensional activity space into just two- All pERK voxels were isolated by brain regions, including developmental regions, as well 732 as all smaller regions, resulting in 20 different components for the PCA. The first two 733 components accounted for between 47.3% -58% of the total variability across all brains.
734
Statistical differences between populations by PCA were detected using a 1-way ANOVA 735 with posthoc analysis.
737
Generation of brain atlas
738
The standard brain for each population was generated by registering all brains with tERK 739 to a tERK+ template brain, with a separate template for each population. Each brain 740 represents a unique transformation to align to the template. Thus, individual brains were 741 registered, and then the transformation matrix generated by the tERK channel was applied 742 to the second channel, which imaged the protein of interest. Briefly, the steps in Amira 743 were as follows. Population averages for each protein marker were calculated from 744 between 3 and 18 fish. To generate the average, the "average volumes" module was 745 loaded, and then the transformed stacks were loaded, with the resultant single image 746 representing the average of all images processed. This was performed for each population 747 for HCRT, TH, AgRP, α-MSH, and pERK for baseline conditions and feeding or drug 748 treatments. Each of these average stacks were saved to represent the average expression 749 pattern for that protein for each population. If any expression outside the brain was present 750 in a stack, it was excluded by generating a mask to delete it from view. 
